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Abstract: New knowledge on patterns of fibrous gypsum veins, their genetic mechanisms, deformation style and weathering is
provided by a field- and laboratory-based study carried out on the Neogene to Quaternary Pisco Basin sedimentary strata
exposed in the Ica desert, southern Peru. Gypsum veins vary considerably in dimensions, attitudes and timing, and can develop
in layered and moderately fractured rocks also in the absence of evaporitic layers. Veins occur both as diffuse features, confined
to certain stratigraphic levels, and localized within fault zones. Arrays formed by layer-bounded, mutually orthogonal sets of
steeply dipping gypsum veins are reported for the first time. Vein length, height and spacing depend on the thickness of the bed
packages in which they are confined. Within fault zones, veins are partly a product of faulting but are also inherited layer-
bounded features along which faults are superimposed. Owing to the different petrophysical properties with respect to the
parent rocks and their susceptibility to textural and mineralogical modifications, water dissolution and rupture, gypsum veins
may have a significant role in geofluid management. Depending on their patterns and grade of physical and chemical alteration,
veins may influence geofluid circulation and storage, acting as barriers to flow and possibly also as conduits.
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Fibrous gypsum, also known as satin-spar, is the variety of gypsum
that normally precipitates within fractures to form veins (Raman &
Ramdas 1954; MacHel 1985; Warren 2006). Fibrous gypsum veins
have been documented worldwide and within sedimentary succes-
sions ranging in age from Proterozoic to Recent (Gustavson et al.
1994; El Tabakh et al. 1998; Testa & Lugli 2000; Mathew et al.
2004; Al-Hamdani et al. 2005; Philipp 2008; Neubauer et al. 2010;
Moragas et al. 2013), and even on Mars (Showstack 2011). These
veins commonly occur in association with or in the vicinity of
evaporitic layers, mostly within fine-grained rocks (e.g. mudstones
and shales; Warren 2006), although both conditions are not strictly
necessary. Veins associated with fault zones (Mathew et al. 2004;
De Paola et al. 2008; Philipp 2008; Moragas et al. 2013) and folds
(Neubauer et al. 2010) have also been documented. Gypsum veins
can reach 25 cm in thickness and are commonly bedding-parallel
and/or subhorizontal, forming at very shallow depths as a result of
unloading during uplift and/or tectonic compression (MacHel 1985;
Gustavson et al. 1994; El Tabakh et al. 1998; Warren 2006; Philipp
2008; Neubauer et al. 2010). They can also be arranged in vertical or
oblique sets (MacHel 1985; Gustavson et al. 1994; El Tabakh et al.
1998; Moragas et al. 2013), or more randomly distributed as
anastomosing vein networks, owing to hydraulic fracturing
associated with the conversion of anhydrite to gypsum (MacHel
1985; Cosgrove 2001; Philipp 2008).
Gypsum is one of the most common minerals on Earth and
because of its peculiar properties it easily undergoes physical and
chemical weathering. Being soft and characterized by low density
and viscosity, gypsum tends to undergo plastic deformation at
relatively low effective pressures (Brantut et al. 2011) and flow
without rupture. In addition, gypsum easily undergoes diagenetic
modifications (e.g. recrystallization, dehydration to anhydrite) and
dissolution in water, also owing to the unusual presence of structural
water in the crystalline structure. Having commonly low perme-
ability (Ko et al. 1997; Trippetta et al. 2010), very low solubility in
hydrocarbons and no or very little porosity, gypsum (as generally
evaporitic rocks) has deserved particular attention from the
hydrocarbon industry owing to its remarkable sealing potential
(Warren 2006).
Unlike evaporitic gypsum (e.g. Schreiber & El Tabakh 2000;
Testa & Lugli 2000; Warren 2006, among the most important
contributions), the most commonly found gypsum form on Earth,
far fewer studies have focused on vein-filling gypsum. This is
especially true in the case of characterization of various vein
patterns and the physical-chemical properties of fibrous gypsum as
applied to the management of geofluids (e.g. hydrocarbons,
groundwater and geothermal fluids). Owing to their different
petrophysical properties (e.g. permeability) with respect to the
parent rocks, gypsum veins may influence the geofluid circulation
and storage in the subsurface, acting as barriers to flow or as
conduits depending on their patterns and physical-chemical
alteration. This study takes advantage of field investigations and
laboratory analyses of gypsum veins well exposed in the Ica desert
of southern Peru, and affecting the Neogene to Quaternary
sedimentary infill of the Pisco Basin.
Geological framework
The Pisco Basin is one of the forearc basins lying along the southern
coast of Peru (Fig. 1; Dunbar et al. 1990; DeVries 1998; León et al.
2008; Klein et al. 2011). The basinal sedimentary infill consists of a
c. 2 km thick Middle Eocene to Pleistocene sedimentary succession
that unconformably overlies a Proterozoic to Mesozoic basement
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dominated by crystalline rocks (Fig. 1). The infill of the Pisco Basin
underwent polyphase transtensional deformation with alternating
short-lived contractional tectonic events, which were strictly related
to the kinematics of the convergence between the continental South
American and oceanic Nazca plates (Fig. 1).
The sedimentary successions exposed in the two study areas, Cerro
Colorado and Cerro Los Quesos (Di Celma et al. 2015a,b),
encompass the uppermost strata of the Chilcatay Formation (Late
Oligocene to Early–MiddleMiocene) and part of the Pisco Formation
(Late Miocene; Fig. 2), representing the two youngest marine
formations of the Pisco Basin stratigraphic record (Fig. 1c; Dunbar
et al. 1990; DeVries 1998). Both formations, which are separated by
an angular discontinuity, consist of a monotonous alternation of
clastic (fine-grained sandstones and siltstones) and siliceous
(diatomaceous) strata, with minor beds of dolomites and tuffs.
Strata are generally tabular and laterally extensive, and dip
homoclinally to the NE and the east with angles ranging between 4
and 15° in the Pisco Formation and from 9 to 15° in the Chilcatay
Formation (Di Celma et al. 2015a,b). The Pisco Formation
successions exposed at Cerro Colorado and Cerro Los Quesos areas
are c. 200 and 290m thick, respectively, and are unconformably
overlain by 3–5 m thick remnants of Early Pleistocene terraced
conglomerates of the Cañete Formation (Fig. 2; Fernández Dávila
1993; León et al. 2008; Rustichelli et al. 2016). These terraced
deposits formed in response to the regional uplift related with
emersion and inversion of the Pisco Basin sedimentary infill
(Macharé & Ortlieb 1992; León et al. 2008).
The studied sedimentary successions are affected by numerous
faults, veins and less abundant joints (Rustichelli et al. 2016). Faults
affect both the Chilcatay and Pisco formations and are sealed by the
Cañete Formation. The majority of faults are normal with minor
strike-slip kinematics, and have dip angles between 63 and 77°. The
normal fault traces are up to 2 km in length and vertical
displacement is mostly in the range 0.8–6 m, but reaches 30 m for
the largest faults. At Cerro Colorado, normal faults mostly strike
NNW, with a subordinate ENE strike; at Cerro Los Quesos, almost
all of the normal faults strike NW. A larger strike-slip fault zone
occurs at Cerro Colorado, where multiple fault segments strike NE
and dip 70–90° mainly to the SE. The fault zone displays c. 500 m
of right horizontal displacement, as well as a minor normal
Fig. 1. (a) Location map (from Rustichelli et al. 2016). (b) Study areas (Cerro Colorado and Cerro Los Quesos) and Pisco Basin in the framework of
southern Peru geology. (c) Geological sketch map of the hinterland of Cerro Colorado and Cerro Los Quesos.
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displacement of 45 m, and experienced later weak reactivation with
left-lateral transtensional to transpressional kinematics.
Methods
A traditional field structural analysis was performed on selected
outcrops, both pavements and cliff exposures of gypsum veins, in the
two study areas: Cerro Colorado and Cerro Los Quesos. The gypsum
veins were characterized regarding their attitude (strike, dip direction
and dip angle), patterns, kinematics, dimensional parameters, spacing,
intersection relationships and filling material. Where useful for
comparison with vein attributes, joints were also characterized.
Dimensional parameters encompass vein length, height and thickness.
Length is defined as the vein trace on the ground, whereas height is the
vertical distance between the lower and upper vein terminations.
Thickness of single veins and spacing of a given set of subparallel veins
were both measured perpendicular to the vein walls.
The field structural analysis was integrated by interpretation of
high-resolution Google Earth satellite imagery, which was
particularly helpful to evaluate lengths, heights, intersection
relationships and spacing of the largest detectable veins.
Petrographic and X-ray diffraction analyses were performed in
the laboratory at the University of Camerino on eight representative
samples of different gypsum veins collected in both the Chilcatay
and Pisco formations. These samples vary in facies (fibrous and
nodular textures) and pattern (layer-bounded orthogonal sets; veins
of fault damage zones; bedding-parallel veins). Petrographic
analysis was performed on eight thin sections (one per sample)
using a traditional polarizing microscope (Nikon Eclipse E600). All
of the analysed gypsum veins were cut perpendicular to their walls
and parallel to the sense of curvature of gypsum fibres to preserve it
in thin section. X-ray diffraction analysis was performed on
powders obtained from four selected gypsum vein samples using
a KM-4 KUMA diffractometer equipped with diffracted beam
graphite monochromator, to determine the actual vein mineralogical
composition. The Cu tube was operated at 40 kV beam energy and
25 mA beam current. Spectra were recorded in the 2θ angular range
from 3 to 65°C with a 0.02° step and 1.5 s per step counting time.
Effective porosity and gas permeability laboratory measurements
were performed on four rock specimens (two diatomites and two
sandstones) and six gypsum veins from the Pisco Formation. Bulk
permeability was measured for rock specimens, whereas gypsum
vein samples were oriented with fibres roughly parallel to the
direction of fluid (gas) flow, which in turn was approximately
perpendicular to the vein attitude. Porosity and, wherever possible,
permeability were measured using a gas permeameter. Gas
permeability standard tests were performed on 25 mm diameter
cylindrical plugs under steady-state conditions using a pressurized
coreholder and nitrogen gas. The effective errors associated with the
gas permeability measurements are c. ±2.5% of measured sample
permeability. For specimens that were particularly friable or that
could not be shaped into 25 mm diameter plugs, a Temco MP-402
mini- or probe-permeameter was used, despite the lower accuracy.
The probe tip was held against the specimen and regulated gas
pressure was applied to the tip of the probe until a stable flow rate
was achieved. The tip was then removed from the rock and the
measurement was repeated a minimum of three times at the same
spot. The mean of these measurements was taken as representative
of the permeability of the sample. If the permeability was below
the effective resolution of the mini-permeameter (c. 1 mD, 7.4 ×
10−9 m s−1) a recorded permeability of <0.2 mD was reported.
To better characterize the porosity of gypsum veins, digital image
analysis of 22 thin-section photomicrographs was performed using
the open source software Image-J 1.32 to estimate the visual (2D)
porosity. Visual porosity (taking into account all pores, over 20 µm
in size, well-resolvable under a traditional polarizing microscope)
was estimated by constructing greyscale pore system images from
unstained thin-section photomicrographs obtained under cross-
polarized light. Thus, greyscale pore system images were
systematically thresholded to produce binary images composed of
a pore phase and a rock phase. The ratio of the area of the pore phase
to the total area of the pore system image defined the visual porosity.
Fig. 2. Simplified stratigraphic columns of
the rock successions cropping out in the
Cerro Colorado and Cerro Los Quesos
areas (based on stratigraphic subdivisions
of Di Celma et al. 2015a,b). D, diatomite-
dominated; D-S, diatomite- and siltstone-
dominated; Sa, sandstone-dominated.
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Field analysis
Gypsum veins are whitish to translucent and normally exhibit
positive relief relative to the host rock. Gypsum is generally
translucent and fibrous (satin-spar variety sensu Raman & Ramdas
1954; Fig. 3a) and can be easily scratched with a fingernail; hence
it could be identified in the field. At the surface and to a depth of
2–3 cm, fibrous gypsum is locally altered with a whitish
mineralization (which can be hardly scratched with a fingernail)
exhibiting a fibrous to nodular texture and polygonal features
resembling desiccation cracks (Fig. 3b). In contrast, fibrous gypsum
is characterized by fibres that are roughly 1 mm in diameter and are
commonly arranged nearly perpendicular to the vein walls. Gypsum
fibres are locally bent and displaced laterally up to 1 cm in both the
horizontal and vertical sense. Bending occurs close to one or both
vein walls, as well as in the proximity of the vein internal sutures,
which can be a single suture (central parting sensuRamsay &Huber
1983; Fig. 3a) or multiple sutures within a single vein.
Gypsum veins are conspicuous in all of the lithologies of the
Chilcatay and Pisco formations and are mostly vertical to steeply
inclined, although subhorizontal, bedding-parallel veins also occur.
Vertical to steeply inclined gypsum veins can be subdivided into
two categories: diffuse (background) orthogonal vein arrays and
localized veins associated with fault zones.
Orthogonal gypsum vein arrays
Gypsum veins in this category consist of two roughly orthogonal
sets of veins (Fig. 4). These are mostly confined to bed packages of
thickness ranging from 0.5 to roughly 30 m (Fig. 4c and d). Bed
packages are commonly made of laminated diatomites or massive
diatomaceous siltstones, less commonly sandstones, and are
bounded by a pair of thin, more competent beds. Bounding beds
are from 10 to 40 cm thick and are generally made up of dolomites
and competent diatomites.
The main set is more abundant and characterized by longer,
higher, thicker and more evenly spaced (systematic) veins than the
secondary set. These differences between the two sets are more
pronounced at Cerro Los Quesos than at Cerro Colorado (Fig. 5a and
b). The secondary set is characterized by veins that mostly abut
against the main set of veins, although mutual abutting relationships
(Fig. 4b) and mutual cross-cutting relationships (Fig. 4a), with
offsets mostly <10 cm, also occur.
Veins are c. 10–180 m long and 5–30 m high, whereas their
thickness varies between 1 mm and 5 cm (1.5 cm average). The 3D
parameters are fairly proportional (positive trends in the graphs of
Fig. 5a–e), although the maximum vein thickness (c. 5 cm)
characterizes veins that vary greatly in length and height. Spacing
of gypsum veins is from c. 5 cm to over 20 m and is positively
linearly correlated to the thickness of the bounding bed package
(Fig. 5f), and hence to the vein height. Gypsum veins can be straight
or locally bent, in some cases arranged as en echelon arrays. In
outcrop, some of the tens to hundreds of metres long gypsum veins
detected from Google Earth satellite images (Fig. 4a) were
discovered to be en echelon arrays of veins, whose length varies
from metres to a few tens of metres.
Orthogonal gypsum vein arrays present similar characteristics in
both the Chilcatay and Pisco formations. We estimated that a
substantial but minor part (less than 50% by volume) of the studied
successions is affected by networks of orthogonal gypsum veins.
Veins affecting the Chilcatay Formation abut against the boundary
with the overlying Pisco Formation, whereas vein sets within the
Pisco Formation at Cerro Los Quesos are truncated by the Cañete
Formation, which is, in turn, affected by rare arrays of gypsum veins
that are from 1 to 2.5 m long and up to 1.5 cm thick.
At Cerro Colorado, the main set of gypsum veins (59% in
frequency) in the Chilcatay and Pisco formations strikes NNW,
whereas the associated secondary set (41% in frequency) strikes
ENE. Gypsum veins have dip angles mostly between 68 and 90°.
Local bending of gypsum fibres, mutual cross-cutting relationships
between the pair of vein sets, and displaced local marker beds
converge to indicate both a left-lateral plus a normal sense of slip for
the set striking NNW, and a right-lateral plus a normal sense of slip
for the ENE-striking vein set.
At Cerro Los Quesos, the main set of gypsum veins (c. 63% in
frequency) affecting the Pisco Formation strikes NW, whereas the
secondary set (37% in frequency) strikes NE. Dip angles of gypsum
veins mostly range between 70 and 90°. A right-lateral plus a
normal sense of slip was recorded by the main vein set, and a left-
lateral plus a normal sense of slip by the secondary vein set. The rare
networks of orthogonal sets of gypsum veins documented in the
Cañete Formation strike mainly north–south, with a subordinate
east–west strike, with dip angles of 74–90°.
Gypsum veins associated with fault zones
Arrays of steeply dipping (58–90°) gypsum veins surrounding
major fault planes were documented within the Pisco Formation
(Fig. 6a and b). These veins abut, partly, upward or downward
against the fault planes and are either subparallel in strike (synthetic
or antithetic in dip direction) or oblique to fault planes. In the latter
case the differences in strike are mostly between 12 and 32°, but
angles up to 70° were also documented. Fault-parallel gypsum veins
are characterized by normal displacements up to 5 cm, and rarely up
to over 1 m; gypsum fibres are curved according to the kinematics.
Gypsum veins are c. 5 cm to 8 m high and from 1 mm to 1.2 cm
thick. The 2D parameters show weak positive linear correlations in
Figure 5g. Vein connectivity is low in 2D outcrop section. Spacing
of gypsum veins is from 3 cm to 7 m, commonly 1–3 m. Vein
Fig. 3. Fibrous gypsum veins (plan views) partly replaced by a nodular
mineralization (mostly anhydrite). (a) Fibrous gypsum vein with internal
suture (from Rustichelli et al. 2016). Gypsum fibres are slightly oblique to
the vein walls and locally bent (dotted guide lines), pointing to a right-
lateral sense of shear along the suture. (b) Vein dominated by nodular (N)
anhydrite with polygonal desiccation cracks and minor remains of the
former fibrous (Fi) texture. The coin for scale is 2.5 cm in diameter.
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spacing increases gradually moving away from the fault plane,
although it is not easily perceptible on the majority of outcrops. In
several cases, gypsum in veins is mixed with parent-rock sourced
grey sandy–silty–diatomaceous sediment or alternates with it to
form millimetre-thick laminae that are subparallel to the vein walls.
Bedding-parallel gypsum veins
Bedding-parallel gypsum veins are irregularly spaced in both the
Chilcatay and Pisco formations. Such veins are located in laminated
diatomites at Cerro Colorado, andmainly at boundaries of the 0.5–8 cm
thick tuff beds, intercalated in the sedimentary succession exposed at
Cerro Los Quesos (Fig. 6c). In the latter location, occasional and small
veins were also found just a few centimetres below the top surface of
the terraced conglomerates of the Cañete Formation. Lateral extent of
bedding-parallel gypsum veins is from 2m to several hundreds of
metres, whereas their thickness is from 0.5 to 2 cm. In places, bedding-
parallel gypsum veins become locally oblique to bedding.
Gypsum veins superimposed by faults
Remnants of steeply dipping gypsum veins are preserved along all
the main slip planes of the normal and strike-slip fault zones
(Fig. 6b) surveyed in the two study areas by Rustichelli et al. (2016).
Gypsum vein remains occur within and at the boundaries of the fault
cores in association with up to 20 cm thick and poorly consolidated
fault rocks (sandy–silty–diatomaceous gouge and minor breccias)
and pods of sucrose jarosite (Fig. 7a and b).
The grade of preservation of the former gypsum veins varies
greatly. Both gouge and fault breccias can include fragments of
gypsum veins and can evolve along the fault plane or toward one
(commonly) or both (less commonly) of the core-bounding surfaces
to gypsum vein remnants (Fig. 7). These are up to 5 cm thick with
various extent along the fault plane, from sub-metre, common in the
high-displacement faults where gypsum vein remains are thin and
scarce, to a few tens of metres, especially where gypsum vein
remains are thick (Fig. 5h). Gypsum fibres are generally bent
according to the local fault kinematics (Fig. 7a).
Along a few main fault planes, the fibrous gypsum grades to a
nodular and vacuolar mineralization, tan to grey in colour (Fig. 7c).
This mineralization has microcrystalline texture (equant crystals) and
its lateral extent is up to 6 m and thickness ranges from 2 to 50 cm.
Joints
Because they are useful for comparison with gypsum vein attributes,
we characterized also joints affecting the Chilcatay and the Pisco
formations at the Cerro Colorado and the Cerro Los Quesos areas
(Fig. 8a and b), and the basement granitoid rocks (Fig. 8c) cropping
out at the edge of the Cerro Colorado area (Fig. 1c).
Within the Chilcatay and the Pisco formations, joints are both in
association with, and away from, faults. In the latter case, joints
mostly occur as pairs of orthogonal sets of subvertical strata-bounded
fractures displaying mutual abutting and crosscutting relationships
(Fig. 8a). These fractures are from 1 to 2mm open and, in places,
show diagnostic plumose structures. Joints are commonly confined to
single beds or bed packages made of dolomites and competent
diatomites (Fig. 8a and b), which are mostly from 3 cm to 1m thick,
roughly corresponding to the joint height. Joints associated with
faults have generally sub-metre height and are four to five times less
abundant than gypsum veins in the fault damage zones.
Early Palaeozoic granitoid rocks (monzogranites, granodiorites and
tonalites; Fig. 2) of the San Nicholas Batholith (Instituto Geológico,
Minero y Metalúrgico 1981, 2001) are affected by high-density,
pervasive and well-connected networks of barren joints with apertures
ranging from 1 to 3mm and heights ranging from 2 cm to 4m, with an
average of 25 cm (Fig. 8c). Joint orientation is random, with dip angles
between 20 and 90°. No gypsum veins were found in granitoid rocks
despite these veins affecting the adjacent sedimentary strata (Chilcatay
and Pisco formations).
Laboratory analysis
In the following sections the results of petrographic observations,
X-ray diffraction analysis and porosity and permeability measure-
ments are presented.
Fig. 4. Layer-bounded, orthogonal
gypsum vein arrays (showing positive
relief) on Google Earth imagery (a; Image
© 2015 Digital Globe) and in the field
(b–d) (modified from Rustichelli et al.
2016). (a) Array of orthogonal gypsum
veins confined to a diatomite-dominated
bed package (boundaries are dotted) of
the Pisco Formation at Cerro Colorado
(plan view). One normal fault (with
minor strike-slip kinematics) also occurs.
(b) Field view of the same array of
gypsum veins as displayed in (a). The
abutting relationships between orthogonal
veins (indicated by black ‘T’ shape)
should be noted. For scale, the hammer is
33 cm long. (c, d) Field view and line
drawing of gypsum veins confined to a
bed package dominated by diatomites of
the Pisco Formation at Cerro Los Quesos.
Several veins abut against two thin beds
(c. 35 cm thick) of competent diatomites
(dotted lines).
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Fig 5. Graphs displaying the best-fitting correlations between various parameters relative to the orthogonal gypsum veins (background deformation; a–f )
and veins associated with fault zones (g) surveyed at both Cerro Colorado and Cerro Los Quesos (modified from Rustichelli et al. 2016). The graph (h),
considering collectively only the surveyed normal faults, shows the correlation between the thickness of the remains of the former gypsum vein occurring
within the main fault planes and the local vertical fault displacement. Persistence of the vein remains along the fault planes is qualitatively reported (low,
moderate and high persistence mean decimetre, metre and decametre extents of the vein remains, respectively). Some thickness values of the gypsum vein
remains may be less than the initial values owing to vein partial disruption.
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Petrographic observations
All types of gypsum veins documented at Cerro Colorado and Cerro
Los Quesos display similar characteristics under the microscope.
The fibrous gypsum variety is characterized by parallel fibrous
to lozenge-shaped crystals, which are colourless under plane-
polarized light. In contrast, crystals display low birefringence (first
order) and straight extinction under cross-polarized light, typical of
pure gypsum (Fig. 9a and b). Crystals are plastically curved at
different grade and display optical continuity (straight uniform
extinction; Fig. 9a). Curved crystals display numerous cleavage
surfaces, mostly perpendicular to the long axis of the crystals but
also parallel to it. Evidence of broken fibrous crystals was also
found, as well as later crystals that grew from rupture surfaces
(Fig. 9a). There is no optical continuity between the two or more
generations of crystals. Some veins have an internal suture that is
rarely preserved as an irregular surface. In the proximity of the
internal suture, the gypsum fibres are locally curved. Commonly,
the internal suture is partly overprinted by a band of later, aligned
crystals of anhedral, equant pure gypsum (Fig. 9b). Scarce and
isolated vuggy pores are commonly localized on (and elongated
parallel to) fibrous crystal boundaries and on their cleavage surfaces
(Fig. 9b).
The surface weathering mineralization with fibrous to nodular
texture consists of anhydrite (Fig. 9c and d) that, in places, is
associated with microsparry gypsum (Fig. 9d). Anhydrite varies
extremely in crystal shape, size and texture, and displays crystals
that are grey under plane-polarized light and iridescent (high
birefringence, up to third order) under cross-polarized light. Under
both lights, anhydrite crystals display reddish to brownish
impurities, probably jarosite. Five textures of anhydrite were
distinguished, as follows.
(1) Anhydrite groundmass (cryptocrystalline) with relicts of the
former boundaries of gypsum fibres.
(2) A mosaic of barely distinguishable, small equant anhydrite
crystals with a few relicts of the former boundaries of gypsum fibres.
(3) Anhydrite prismatic crystals arranged randomly.
(4) Radiaxial fibrous anhydrite arranged as laterally aligned
crystal fans that grow radiating outwards from the vein walls. The
single anhydrite crystals have sweeping extinction under cross-
polarized light. Fans of radiaxial fibrous anhydrite are overprinted
on fibrous gypsum and can occur as multiple superimposed fans.
(5) Similar radiaxial fibrous anhydrite crystals are also arranged
as rosettes (Fig. 9c) overprinting the fibrous gypsum. Rosettes can
be isolated or overprint previous rosettes or any of the other
documented anhydrite textures and microsparry gypsum.
Microsparry gypsum (microcrystalline or alabastrine variety) is
made of a mosaic of equant crystals of pure gypsum with straight
extinction under cross-polarized light (Fig. 9d). Such a gypsum
texture is localized mainly at boundaries of fractures and vuggy
pores, which are both associated with anhydrite (Fig. 9c and d).
Fractures (the polygonal desiccation cracks observable in the field)
have an irregular geometry and are enlarged by dissolution and/or
locally filled by host rock-sourced diatomaceous, silty to sandy
sediment (Fig. 9d). Vuggy pores are commonly elongated and/or
localized on former boundaries of gypsum fibres and more rarely on
their cleavage surfaces (Fig. 9d).
X-ray diffraction analysis
X-ray diffraction analysis revealed that all analysed samples are
made of gypsum and/or anhydrite (Fig. 10), in full agreement with
petrographic observations on these samples. Jarosite, which was
observed in thin section as inclusions associated with anhydrite
crystals, was not detected by X-ray diffraction analysis, probably
because of its minimal amount.
Porosity and permeability measurements
Laboratory measurements yielded effective porosity and bulk
permeability values of c. 55% and <10 mD in diatomites and in
the range of 40–48% and 500–2000 mD in sandstones, respectively
(Table 1). Porosity of fibrous gypsum from relatively unweathered
veins was in the range of 4–18%. Anhydrite plus eventual
microcrystalline gypsum (not discernible) from weathered veins is
characterized by porosity values in the range of 15–32%.
Permeability values are <0.2 mD for all of the analysed gypsum
and anhydrite filling veins.
Visual (vuggy) porosity of fibrous gypsum ranges between 0 and
2% (0.8% average; eight measurements), indicating that most
porosity consists of micropores <20 µm in size (not easily resolvable
in thin section). A substantial amount of microporosity is present
also in microsparry gypsum and anhydrite, which are characterized
by visual porosity (vuggy pores plus enlarged fractures) ranging
between 1.6 and 26.8% (7.2% average; six measurements) and
between 1.8 and 20.5% (8.8% average; eight measurements),
respectively.
Fig. 6. Gypsum veins of fault damage
zone (a, b) and bedding-parallel veins (c)
viewed in section. (a) Normal fault
surrounded by a damage zone dominated
by gypsum veins and offsetting a local
marker bed (M) of the Pisco Formation at
Cerro Colorado (from Rustichelli et al.
2016). (b) Vertically persistent remnant of
a thick gypsum vein (thick black arrow)
along a main fault plane, adjacent to
discontinuous gouge (white arrow). In
contrast, the thinner gypsum vein (thin
black arrow) is part of the fault damage
zone. (c) Bedding-parallel fibrous gypsum
vein (Gy) at the boundary between a
reddish to whitish tuff bed (Tu) and the
underlying laminated diatomite bed (Di).
Pisco Formation, Cerro Los Quesos. The
coin for scale is 2.5 cm in diameter.
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Discussion
Gypsum veins are discussed regarding their genesis and patterns,
deformation and chemical alteration or dissolution. The influence of
gypsum veins on circulation and storage of geofluids is considered.
Genesis and patterns of gypsum veins
The gypsum veins are due to mineralization in rock planar
discontinuities (i.e. steeply dipping fractures and minor bed and
lamina surfaces) from invasion of calcium sulphate-rich waters.
Gypsum was probably sourced by alteration of sediments rich in
volcanogenic material, such as tuffs, an explanation recently
reported by Hoareau et al. (2011). According to those researchers,
interaction of volcanogenic particles with sediment porewaters with
seawater-like salinity can lead to gypsum saturation during shallow-
burial diagenesis.
Unlike many other cases, the vein-filling gypsum was probably
not sourced from nearby evaporitic gypsum layers (MacHel 1985;
Gustavson et al. 1994; El Tabakh et al. 1998; Mathew et al. 2004;
Warren 2006) nor by telogenetic hydration of burial-generated
anhydrite (Shearman et al. 1972; El Tabakh et al. 1998; Cosgrove
2001; Warren 2006; Philipp 2008). Evaporitic gypsum layers
are absent in the studied successions, and evaporites have been
reported by Marocco & de Muizon (1988), within the Pisco
Formation, only at Cerro Blanco (Fig. 1c). Unfortunately,
those researchers did not give the mineral type (e.g. gypsum,
anhydrite and halite), facies descriptors or thickness of evaporitic
layers. We suspect that they may have misinterpreted bedding-
parallel gypsum veins as evaporitic layers. Hydration of burial-
generated anhydrite is excluded because of the documented
preservation of the original fibrous gypsum, apart from the surficial
weathering cap of nodular mineralizations (mostly anhydrite).
This indicates that neither temperatures nor the maximum
overburden depths experienced by the studied successions
(<1 km, estimated as the maximum thickness of the entire Pisco
Formation; Dunbar et al. 1990) were high enough for gypsum-to-
anhydrite dehydration.
Fibrous gypsum veins resulted from planar discontinuities that
underwent extension and possible oblique-normal shear during vein
development, as recorded by fibres mainly perpendicular to the vein
walls (El Tabakh et al. 1998; Philipp 2008), commonly partly
curved and with straight, uniform extinction under cross-polarized
light (syn-veining shear or curvature; El Tabakh et al. 1998). The
internal sutures of many veins indicate that gypsum fibres
commonly grew as antitaxial fibres in the vein terminology of
Durney & Ramsay (1973).
The literature on fibrous gypsum veins often reports that vein
formation in fine-grained rocks (i.e. mudstones and shales) is
promoted by fluid overpressure (El Tabakh et al. 1998; Warren
2006; Philipp 2008). Ingebritsen &Manning (2010) stated that fluid
overpressure can build up within a rock layer if it is bounded by
rocks with permeability <10−17 m2. Bulk permeability values
measured from diatomites during this study are c. 10−15 m2
(corresponding to 3–8.5 mD in Table 1), which are higher than
those required to produce fluid overpressure. However, we
performed only two permeability measurements and several
researchers (Bjørlykke 1997; Osborne & Swarbrick 1997; Brand
et al. 2004) have previously reported that fluid overpressure could
develop within the low-permeability, diatomite-dominated Pisco
Basin sediments (owing to tectonic compression and because they
were buried so rapidly that fluids could not be expelled fast enough).
We thus infer that fluid overpressure could have also promoted
formation of the studied gypsum veins.
In addition, the majority of gypsum veins were generated from
relatively low-density and poorly connected fracture networks,
which retained the gypsiferous fluids during vein formation,
impeding their escape. These types of fracture networks originated
because of the weak induration of the studied diatomites, siltstones
and minor sandstones of the Chilcatay and Pisco formations. In
contrast, the pervasive, denser and more connected fracture
networks (which isolate rock blocks) documented in the adjacent
and harder Early Palaeozoic granitoid rocks at Cerro Colorado
probably enhanced fluid escape and prevented fluid overpressure
and, hence, development of gypsum veins.
The various documented patterns of gypsum veins are separately
discussed below in terms of their genetic mechanisms.
Orthogonal arrays of steeply dipping gypsum veins resemble in
geometry the arrays of systematic joints and associated orthogonal
cross joints (Caputo 1995; Bai et al. 2002), frequently documented
as affecting sedimentary successions worldwide and also recorded
in the studied rocks away from fault zones (Fig. 8a and b). Similarly
to the joint pattern reported by Bai et al. (2002), orthogonal gypsum
vein sets show mutual abutting and cross-cutting relationships
pointing to their contemporaneous development, and occur as
Fig. 7. Remnants of former gypsum veins along main fault planes
affecting the Pisco Formation. (a) Remains of disrupted gypsum veins
(Gy) within and at the boundaries of the core associated with a right-
lateral, oblique normal fault at Cerro Colorado (plan view; from
Rustichelli et al. 2016). Core also includes gouge (Go) and jarosite (Ja).
(b) Gypsum vein remains and gypsum clasts formed by breakage of
former veins embedded in gouge (Go) within the fault core (also made up
of jarosite; Ja) of a normal fault at Cerro Los Quesos (plan view). (c)
Fibrous gypsum (Fi) and replacive, nodular and vacuolar gypsum (N-V)
with strong leakage evidence, forming the two vein remains bounding at
both sides the fault rock (gouge; Go) associated with a major normal fault
plane at Cerro Colorado. The coin for scale is 2.5 cm in diameter.
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pervasive features confined to bed packages (fracture units sensu
Laubach et al. 2009), the thickness of which is proportional to the
vein spacing (Fig. 5f). Orthogonal gypsum veins probably represent
an evolution of former orthogonal joint systems. Joints have already
been considered as necessary to form fibrous gypsum veins and
initiate vein growth (El Tabakh et al. 1998). Not all of the joints in
the study areas evolved into gypsum veins, especially the shortest
(<1 m high) and strata-bounded (lithologically selective) ones. The
low connectivity of these joints may have prevented gypsiferous
fluid invasion.
Field observations and the relationships between length, height
and thickness of gypsum veins (Fig. 5a–e) suggest that, initially,
veins grew as self-similar structures as generally reported in the
literature (e.g. Vermilye & Scholz 1995; Johnston & McCaffrey
1996; Gillespie et al. 2001). However, the self-similarity was lost
at more advanced growth phases, as the veins increased in length
and height but not in thickness. Also, Philipp (2008) has reported
that fibrous gypsum veins can grow without self-similarity but
with a thickness increase proportionally larger than the length
increase.
As gypsum veins are subperpendicular to bedding in both the
Chilcatay and Pisco formations, these formed prior to bed tilting,
during the progressive burial of sediments (Agosta et al. 2009;
Rustichelli et al. 2013). The vertically oriented maximum
compressional stress was generated by theweight of the overburden.
Gypsum vein formation was initiated at shallow and constant
depths, as suggested in the literature (Warren 2006) and by the
asymptotic, upper threshold value of vein thickness (c. 5 cm; Fig. 5),
respectively. Once a vein thickness of c. 5 cm was reached, it is
likely that the gypsum force of crystallization (see Ramsay 1980)
plus fluid overpressure were efficiently laterally contrasted by the
horizontal isotropic component of the lithostatic stress that was
proportional to the weight of the overburden. Because of the strong
lithological similarity of the two studied Pisco Basin successions,
this force was reasonably uniform at a given depth in both of the
successions. Formation of orthogonal gypsum vein arrays at very
shallow depths is also suggested by their occurrence within the
metre-thick terraced conglomerates of the Cañete Formation, which
did not undergo relevant burial. Orthogonal gypsum vein arrays
formed at different times from the Miocene to the Quaternary, as
indicated by (1) veins affecting the Chilcatay Formation that were
erosionally sealed by the overlying Pisco Formation and (2) veins in
the Pisco Formation that were truncated by the Cañete Formation, in
turn affected by a younger generation of gypsum veins.
Gypsum veins surrounding major fault planes are the product
of gypsum precipitation within joints and small faults of the
associated damage zone. The weak positive linear correlations
between vein height and thickness (Fig. 5g) suggest poor self-
similarity in vein growth. The smaller thickness, generally not
exceeding 1 cm, of such fault-related gypsum veins relative to the
thickness (up to c. 5 cm) of the orthogonal gypsum veins is probably
because they formed later and at greater depths. Hence, fault-related
vein formation occurred under higher lithostatic loading, a
consequence of progressive and almost continuous basinal
subsidence over Miocene to Pliocene times (e.g. Clift & Hartley
2007).
Bedding-parallel gypsum veins originated as gypsum infill of
opened bedding-parallel discontinuities, such as bed surfaces and
boundaries of diatomite laminae. Such gypsum veins normally form
under fluid overpressure and indicate a vertical orientation of the
minimum principal compressive stress (horizontal basin compres-
sion; Philipp 2008; Neubauer et al. 2010). Also, the competence
contrast between the loose to poorly consolidated tuff beds and the
rest of the succession probably promoted the formation of bedding-
parallel open discontinuities in the rocks and, hence, formation of
gypsum veins. In agreement with a wealth of literature (e.g. El
Tabakh et al. 1998; Neubauer et al. 2010), bedding-parallel gypsum
veins formed at very shallow depths, as suggested by their
occurrence within the veneer of terraced conglomerates of the
Cañete Formation.
To sum up, some of the documented gypsum vein patterns (i.e.
bedding-parallel veins and fault-related discordant-to-bedding
veins) have been already reported in the literature (e.g. Mathew
et al. 2004; Philipp 2008; Moragas et al. 2013). However, we
document for the first time fault-independent arrays made of layer-
bounded, and bedding-perpendicular, orthogonal vein sets, as well
as gypsum vein remains along fault planes. Vein remains indicate
that faults are superimposed on earlier orthogonal gypsum veins and
that gypsum along fault planes does not necessarily represent the
product of fibrous gypsum growth within extensional openings
Table 1. Effective porosity and permeability measurements performed in four rock samples and six veins (differing in pattern) from the Pisco Formation
Sampling location
(latitude, longitude)
Rock type/vein filling Porosity
(%)
Permeability (mD),
gas permeameter
Permeability (mD),
mini-permeameter
Notes
Cerro Colorado
(14°20'54"S, 75°54'13"W)
Diatomite (laminated) 54.6 3 8.5
Cerro Los Quesos
(14°30'17"S, 75°43'02"W)
Diatomite (laminated) 55.8 4.6
Cerro Colorado
(14°20'54"S, 75°54'13"W)
Sandstone 40.4 910 580
Cerro Los Quesos
(14°30'17"S, 75°43'02"W)
Sandstone 47.5 1430 1728
Cerro Colorado
(14°20'54"S, 75°54'13"W)
Fibrous gypsum 18.4 <0.2 Vein remains along a fault
plane
Cerro Los Quesos
(14°30'17"S, 75°43'02"W)
Fibrous gypsum 4.4 <0.2 Layer-bounded vein; flow
parallel to fibres
Cerro Colorado
(14°20'54"S, 75°54'13"W)
Anhydrite and possible
microcrystalline gypsum
24.1 Not tested Vein remains along a fault
plane
Cerro Colorado
(14°21'07"S, 75°54'19"W)
Anhydrite and possible
microcrystalline gypsum
14.9 <0.2 Bedding-parallel vein
Cerro Los Quesos
(14°30'17"S, 75°43'02"W)
Anhydrite and possible
microcrystalline gypsum
25.4 Not tested Layer-bounded vein
Cerro Los Quesos
(14°29'53"S, 75°43'02"W)
Anhydrite and possible
microcrystalline gypsum
31.9 <0.2 Bedding-parallel vein
Veins belonging to fault damage zones are too thin and friable to be analysed. Geographic coordinates (latitude, longitude) are based on the WGS84 geodetic datum.
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created by slip episodes (e.g. Mathew et al. 2004; Philipp 2008;
Moragas et al. 2013).
Gypsum vein deformation
Gypsum veins record evidence of both plastic and brittle
deformation mechanisms. In the field, a ductile style is recorded
by the slight bending of gypsum fibres. Bending probably occurred
at different stages. Syn-veining bending occurred during the
formation of hybrid veins (Ramsay & Huber 1983), as recorded
by the straight, uniform extinction of gypsum fibres (El Tabakh
et al. 1998). Later shearing bent gypsum fibres of earlier extensional
or hybrid veins, as demonstrated by bending indicating local reverse
kinematics associated with the strike-slip fault zone in the Cerro
Colorado area. Wavy extinction, typical of gypsum fibres curved
after vein formation (El Tabakh et al. 1998; Hilgers & Urai 2002),
was not observed in thin sections as collected samples of apparent
fibrous gypsum were actually weathered to anhydrite and possible
microcrystalline gypsum. However, this form would be expected in
the studied veins according to the field evidence.
Although the plastic deformation mechanism experienced by the
gypsum veins appears negligible in accommodating shear,
especially along faults, its expression as bent gypsum fibres
resulted in a relatively reliable kinematic marker (Figs 3a and 7c),
Fig. 8. Joint patterns useful for
comparison with the gypsum vein
attributes. (a) Array of orthogonal joints
(plan-dominant view) affecting a
competent diatomite bed package that is
bounded by thin tuff beds (Tu). (b)
Subvertical joints affecting a competent
diatomite bed package (section view),
which is also affected by two gypsum
veins (black arrows). (c) High-density and
well-connected joint pattern in granitoid
rocks (section view). The hammer for
scale is 33 cm long.
Fig. 9. Thin-section photomicrographs
(cross-polarized light) of the vein-filling
fibrous gypsum (a, b) and weathering
anhydrite and gypsum (c, d). (a) Bent
gypsum fibres with evidence of rupture
episodes (white arrow; from Rustichelli
et al. 2016). (b) Gypsum fibres locally
bent in proximity of the internal suture
(white arrow), partly overprinted by
anhedral, equant gypsum crystals. The
vuggy pores (V) should be noted. (c)
Anhydrite rosettes with vuggy pores (V).
(d) Anhydrite groundmass (An) adjacent
to microsparry gypsum (Gy), both
affected by desiccation cracks (filled with
sediment; S) and elongated vuggy pores
(V), which are mainly localized on relicts
of the cleavage surfaces of the former
fibrous gypsum within the replacive
anhydrite groundmass.
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being consistent with kinematics recorded by offset beds and striae
along the same fault planes, and with other geological features (see
Rustichelli et al. 2016, for more details). Bent gypsum fibres
recording kinematics during their formation or owing to later shear
deformation have also been reported in other studies (e.g. Durney &
Ramsay 1973; Philipp 2008; Moragas et al. 2013).
Various evidence of extensional and shear brittle deformation
experienced by gypsum veins was found both in the field and
microscopically. Vein disruption by shear movements is recorded
by vein remains along the superimposed fault planes. Disruption of
gypsum veins (i.e. low persistence of vein remains along the fault
planes) is enhanced in thin veins and in those with internal sutures,
but also (to a lesser extent) in the case of high fault displacement
values (Fig. 5h). Extensional opening of gypsum veins along
internal sutures and walls probably occurred in response to
lithostatic unloading as a consequence of the Quaternary exhum-
ation of the Pisco Basin sedimentary fill (Rustichelli et al. 2016, and
references cited therein), and possibly because of critical fluid
overpressure and/or volumetric contraction owing to surficial
gypsum dehydration to anhydrite. The multiple internal sutures of
some fibrous gypsum veins record multiple extensional to shear
opening episodes (i.e. curved gypsum fibres in proximity of the
sutures; Ramsay & Huber 1983). Multiple superimposed fans of
radiaxial fibrous anhydrite on fibrous gypsum growing from vein
walls record, at the microscale, additional episodes of vein wall
opening. Further evidence of brittle deformation at the microscale in
accommodating shear is represented by curved gypsum fibres
displaying evidence of rupture before the formation of a new
generation of gypsum fibres (Fig. 9a).
Some gypsum veins have internal sutures partly overprinted by
crystals of anhedral equant gypsum, similarly to that previously
documented in fibrous gypsum and anhydrite veins by MacHel
(1985) and Moragas et al. (2013). Aligned patches of equant
gypsum crystals probably do not represent a significant obstacle to
later vein brittle reactivation. We infer that sharp lateral passages
between preserved tracts of internal sutures and the aforementioned
alignment of equant gypsum crystals could represent ideal loci for
gypsum vein disruption, as they represent obstacles to strain
accommodation by shearing along the internal suture (MacHel
1985).
This study reveals that gypsum veins undergo brittle rather than
plastic deformation, especially in accommodating shearing along
fault planes. This brittle-dominated deformation is due partly to the
shallow burial experienced by the veins (<1 km) and possibly to
critical fluid overpressure. Some studies (e.g. Schorn & Neubauer
2011) documented that, at depths of kilometres, gypsum layers from
metres to hundreds of metres thick, possibly in the form of
anhydrite, accommodated shear plastic deformation by acting as
detachment horizons, and forming tectonic mélanges and foliated
shear zones. However, other studies reported similar ductile fabrics
even at shallow crustal levels (low temperatures and pressures,
within the stability field of gypsum; Rutter 1986; Bartel et al. 2014),
where brittle deformation mechanisms normally dominate.
Bartel et al. (2014) reported shallow crustal, plastic deformation
of gypsum as a shear zone (laterally evolving into a fault zone in
more brittle lithologies), which varies in thickness from 100 to 500
m and depending on the thickness of the evaporitic gypsum layer,
which is subvertically tilted and iso-oriented to the shear zone. The
huge difference in thickness of the shear zone example relative to
the gypsum veins (up to 5 cm), is probably the reason for their
respective ductile- versus brittle-dominated style of deformation.
We infer that the thickness of the gypsum within a fault, in addition
to depth (i.e. pressure and temperature conditions) and fluid pressure
conditions is a key variable in determining the fault deformation
style and, consequently, the fault core architecture and its control on
geofluid movement.
In agreement with our observations on gypsum veins, recent
laboratory deformation experiments performed on natural samples
of gypsum (Zucali et al. 2010; Brantut et al. 2011) suggest that, at
shallow crustal levels, gypsum can accommodate strain by both
brittle and plastic deformation mechanisms and that these can occur
also in concert (Zucali et al. 2010).
Gypsum vein weathering and dissolution
Fibrous gypsum veins experienced significant polyphase surface
weathering (telogenetic diagenesis), owing to recent intense solar
heating and interaction with meteoric water. Following Warren
(2006) and López-Delgado et al. (2014), intense solar heating is
considered to be responsible for dehydration of fibrous gypsum to
fibrous-to-nodular anhydrite with desiccation cracks. Anhydrite
textures 1 and 2 record low-grade weathering of fibrous gypsum
with relicts of the former boundaries of gypsum fibres being
preserved. Textures 3, 4 and 5 are fabric-destructive and indicatemore
advanced gypsum weathering. Meteoric water is minimal in this
long-lived arid desert, being provided by daily fog along with
occasional rains (Cáceres et al. 2007). Weathering via meteoric
water of fibrous gypsum (dissolution and reprecipitation) and
anhydrite (rehydration) has produced microsparry gypsum (Testa &
Lugli 2000; Warren 2006), as well as vuggy pores and fracture
(desiccation cracks) enlargement after partial gypsum and anhydrite
dissolution.
Dissolution weathering of gypsum veins produced significant
porosity (Table 1), as vuggy macropores and probably micropores
plus enlarged fractures. We infer that, under more humid climates,
fibrous gypsum within veins would be completely dissolved either
by a crossflow of meteoric waters (Klimchouk et al. 1997; El
Tabakh et al. 1998; Schreiber & El Tabakh 2000; Kiyani et al.
2008) or by undersaturated waters even at deeper crustal levels
(Warren 2006).
Our observations are consistent with gypsum dissolution by
meteoric waters being enhanced along the main fault planes where
nodular and vacuolar gypsum to anhydrite occur. This relationship
could be a result of the preferential brittle reactivation of the main
fault plane relative to the veins of the fault damage zones or
pertaining to the background deformation (i.e. orthogonal sets of
steeply dipping veins and bedding-parallel veins), as demonstrated
by the exclusive occurrence of jarosite patches along main fault
planes (Rustichelli et al. 2016). Jarosite precipitated from water that
flowed within the void created along fault planes during
Fig. 10. Diffractograms of two
representative gypsum vein samples. (a)
Almost unweathered fibrous gypsum (Gy)
with minimal anhydrite (An). (b)
Weathering-derived fibrous to nodular
anhydrite and gypsum.
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reactivation. Preferential meteoric dissolution of gypsum along fault
zones has already been documented by Harrison et al. (2002), as
linear trends of sinkholes in evaporitic rocks.
Influence of gypsum veins on geofluid circulation and
storage
Permeability and porosity data suggest that fibrous gypsum veins,
which have low permeability (<0.2 mD) and normally affect more
porous and permeable rocks (3 to >1700 mD; Table 1), could
represent efficient barriers to fluid cross-flow (Fig. 11a) and
compartmentalize reservoirs. The sealing potential of gypsum veins
is reasonably considered less than that which is generally attributed
to evaporitic gypsum layers (Warren 2006), as veins are normally
much thinner and less persistent.
During this study, permeability measurements reveal that the
barrier-capacity of gypsum veins can be retained after weathering,
despite substantial mineralogical and textural modifications and
creation of dissolution porosity up to c. 30%. However, the
preferential elongation of dissolution pores parallel to gypsum fibres
(Fig. 9b), and therefore nearly perpendicular to the vein walls, may
enhance fluid flow across veins (Fig. 11b); this observation is
supported by permeability measurements (Table 1).
Previous studies have reported that gypsum veins can act as
potential conduits where they are strongly to completely dissolved
by flushing undersaturated waters (Fig. 11c; Kiyani et al. 2008).
However, no evidence for gypsum veins acting as preferential
conduits for fluid flow is provided by permeability data (Table 1).
However, field and petrographic observations suggest that gypsum
veins may become preferential conduits for vein-parallel fluid flow
even if not affected by dissolution (Fig. 11d). Gypsum veins tend to
open along their walls and internal sutures when they undergo some
stress state modification (e.g. lithostatic unloading, thermally
induced volumetric contraction, critical fluid overpressure, tectonic
events). Opened veins may retain their role as barriers to cross-flow
acting as a combined conduit and barrier.
The potential role of gypsum veins as a barrier and/or possibly as
a conduit in influencing subsurface fluid circulation and storage
would be more pronounced in the diffuse vein systems occurring
away from fault zones, encompassing orthogonal arrays of steeply
dipping gypsum veins and bedding-parallel veins. Such veins are
normally more extensive and thicker than gypsum veins forming
fault damage zones. Being layer-bounded, both orthogonal vein
systems and bedding-parallel veins can form extensive, bedding-
parallel permeability anisotropy. In contrast, veins of fault damage
zones can form fault-parallel permeability anisotropy with extent
depending on fault dimensions.
The barrier and conduit potential of the remains of former
fibrous gypsum veins preserved along fault planes is strongly
dependent on their grade of physical preservation, which is a
function of vein thickness, and on fault displacement (Fig. 5h).
Highly disrupted veins can represent neither efficient barriers nor
conduits (Fig. 11e).
Conclusions
Gypsum veins are ubiquitous features in the Neogene sedimentary
record of the Pisco Basin, in southern Peru. Veins vary considerably
in dimensions, attitudes and timing (absolute and in relation to the
time of deposition of the host sediments). They occur as diffuse
features in the rock mass, commonly confined to certain
stratigraphic levels, and localized within fault zones, both as a
product of faulting and as inherited features along which faults are
superimposed. The main results of this study are as follows.
(1) Fibrous gypsum veins can develop in the absence of evaporitic
layers in surrounding rocks. Vein development seems to be enhanced
by fluid overpressure in layered and moderately jointed rocks; veins
do not form in pervasively and densely fractured rocks.
Fig. 11. Conceptual scheme illustrating
the multiple roles of an ideal fibrous
gypsum vein (with one internal suture) in
controlling subsurface fluid flow in a
porous medium, depending on its physical
and/or chemical alteration (a–e). The
scheme is valid for both horizontal and
vertical views.
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(2) Vein thickness is believed to be primarily a function of the
overburden depth at which they form; other vein dimensions (length
and height) and spacing are mainly a function of either the thickness
of the bed package bounding them or the fault size and architecture
with which they are associated.
(3) Arrays of layer-bounded, mutually orthogonal sets of steeply
dipping gypsum veins are documented for the first time. Such vein
arrays resemble and are genetically related (i.e. gypsum filling
former joints) to the strata-bounded orthogonal joint systems that are
normally ubiquitous in competent layered rocks away from fault
zones. We infer that these gypsum vein patterns may be much more
common than previously believed and, hence, deserve more
attention in future studies.
(4) The dominant deformation mechanism of fibrous gypsum
veins is brittle, at least at shallow crustal depths (<1 km) and
probably under fluid overpressure conditions. Veins tend to reopen
and undergo disruption at different grades in accommodating shear;
disruption grade is a function of vein thickness and of fault
displacement. The more brittle behaviour of gypsum veins relative
to evaporitic gypsum layers in accommodating shear is also a
function of the significant difference in thickness (millimetres to
centimetres versus metres to hundreds of metres).
(5) Fibrous gypsum in veins is extremely susceptible to textural
and mineralogical modifications and water dissolution, taking into
account that the studied veins crop out in a long-lived desert area.
Major fault planes represent loci where associated gypsum can
undergo preferential dissolution.
(6) The role of fibrous gypsum veins in controlling geofluid
circulation and storage may vary; they may act as barriers to flow
and possibly also as conduits, depending on distribution, dimen-
sions and grade of physical and chemical alteration. Because the
studied gypsum veins probably formed and experienced deform-
ation and weathering at depths <1 km, the presented results would
be better applicable to shallow aquifers rather than to deeper
reservoirs (e.g. hydrocarbons). To study the behaviour of fibrous
gypsum veins at deeper crustal levels (kilometres), via core and
cutting analysis, to assess their impact on hydrocarbon flow and
storage would be challenging. Indeed, evaporitic gypsum layers
have a paramount importance in this regard, but the role of gypsum
veins has not been understood so far.
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